Aims/hypothesis The determinants and mechanisms of the development of diabetic sensorimotor polyneuropathy as a painful (DSPN+p) or painless (DSPN-p) entity remain unclear. We examined the degree of cutaneous nerve fibre loss and regeneration in individuals with type 2 diabetes with DSPN+p or DSPN-p compared with individuals with recent-onset type 2 diabetes and corresponding healthy volunteers. Methods In this cross-sectional study, skin biopsies taken from the distal lateral calf were obtained from individuals with recent-onset type 2 diabetes (n = 32) from the German Diabetes Study, with DSPN+p (n = 34) and DSPN-p (n = 32) from the PROPANE study, and volunteers with normal glucose tolerance (n = 50). Double immunofluorescence staining for protein gene product 9.5 (PGP9.5) (pan-neuronal marker) and growth-associated protein 43 (GAP-43) (nerve regeneration marker) was applied to assess intraepidermal nerve fibre density (IENFD) and length (IENFL) and dermal nerve fibre length (DNFL). DSPN was diagnosed using the modified Toronto Consensus (2011) criteria, while neuropathic pain was assessed using an 11-point Numerical Rating Scale. Results After adjustment for age, sex, BMI and HbA 1c , IENFD and IENFL were reduced for both markers in individuals with recent-onset diabetes and both DSPN groups compared with control participants (all p < 0.05), but did not differ between the DSPN groups. The DNFL GAP-43/PGP9.5 ratio was higher in the DSPN+p and DSPN-p groups compared with control participants (1.18 ± 0.28 and 1.07 ± 0.10 vs 1.02 ± 0.10; p ≤ 0.05) and in the DSPN + p group compared with DSPN-p (p < 0.05). Correlation analyses showed distinct inverse associations between the DNFL GAP-43/PGP9.5 ratio and PGP9.5 positive IENFD as well as DNFL (IENFD: β = −0.569, DNFL: β = −0.639; both p < 0.0001) in individuals with type 2 diabetes, but not in the control group. A similar pattern was found for correlations between the DNFL GAP-43/PGP9.5 ratio and peripheral nerve function tests. Conclusions/interpretation Dermal nerve fibre regeneration is enhanced in DSPN, particularly in DSPN+p, and increases with advancing intraepidermal nerve fibre loss. These data suggest that, despite progressive epidermal fibre loss, dermal nerve repair is preserved, particularly in DSPN+p, but fails to adequately counteract epidermal neurodegenerative processes.
Introduction
Diabetic sensorimotor polyneuropathy (DSPN) affects approximately 30% of people with diabetes and its sequelae, such as neuropathic pain and foot ulcers, contribute to substantial morbidity, high socioeconomic burden, reduced quality of life and increased mortality rates [1, 2] . Since the mechanisms contributing to the development of DSPN as a painful (DSPN+p) and painless (DSPN-p) entity are not well understood, the current options to prevent and treat either are limited [3, 4] .
In diabetic neuropathies, axonal atrophy, demyelination, loss of nerve fibres and blunted regeneration of nerve fibres are present, and both nerve regeneration as well as degeneration contribute to nerve pathology [4] . Nerve damage is followed by a series of morphological and molecular changes in the perikarya of injured nerves into a regenerative state, priming neurons for regrowth [5] . Therefore, further understanding of neural plasticity, regenerative capacity and nerve fibre degeneration is required to identify novel therapeutic and preventive approaches specific for the two types of DSPN.
Although small nerve fibre damage is considered a prerequisite for the presence of neuropathic pain in diabetes, there is no definite evidence of an exclusive or prominent involvement of small fibres in DSPN+p, and biomarkers to predict the development of neuropathic pain are still lacking [6] . Similarities and differences between DSPN+p and DSPN-p have been described, but the conundrum of why some individuals with DSPN develop neuropathic pain while others do not has not been solved [6, 7] .
Skin biopsy is a reliable, minimally invasive tool for the assessment of epidermal and dermal nerve fibres in peripheral nerve disorders [8] . The pan-neuronal marker protein gene product 9.5 (PGP9.5), a member of the ubiquitin hydroxylase system, is widely used to detect and quantify cutaneous nerve fibres [9] . Using this technique, studies have shown that small-calibre nerve fibres penetrating the epidermis, which are mostly nociceptive [8] , are already reduced in the early stages of type 2 diabetes [10] and are diminished in small fibre neuropathies (SFNs) of different origins, including diabetes [8, 11] .
Growth-associated protein 43 (GAP-43) is a membrane protein that is involved in the process of nerve regeneration [12, 13] . As it is a major constituent in axonal growth cones after nerve injury [4] , GAP-43 is expressed in peripheral nerve fibre areas with high neural plasticity such as the epidermis and dermis. Hence, it can be used as a marker for regenerating nerve fibres [14, 15] .
Several studies have reported that nerve regeneration may be altered in diabetes mellitus with and without DSPN, but the varying results due to small population sizes, heterogeneous study populations and methodological differences do not give a conclusive answer about regenerative capacity and the variable by which it is reflected best [16] [17] [18] [19] . Here we determined the degree of cutaneous nerve fibre loss and regeneration in individuals with type 2 diabetes with DSPN+p and DSPN-p, compared with individuals with recent-onset diabetes and corresponding control participants. We hypothesised that the patterns of cutaneous nerve fibre loss and repair may differ between the two types of DSPN, as well as between individuals with recent-onset diabetes and normal glucose tolerance.
Methods
Participant selection This cross-sectional study was conducted in accordance with the Declaration of Helsinki and was approved by the ethics committee of Heinrich Heine University, Düsseldorf, Germany. After obtaining written informed consent, 98 participants with type 2 diabetes, defined according to the ADA criteria [20] , were allocated to three groups: recent-onset type 2 diabetes (n = 32) DPSN-p (n = 32), and DSPN+p (n = 34). The presence of pain in the distal lower extremities lasting ≥1 year with a pain intensity ≥4 (24 h average or maximum) on the 11-point Numerical Rating Scale (NRS) in the absence of analgesic treatment, or according to the medical history (recall and/or records) prior to analgesic treatment, was used to define DSPN+p. Individuals with DSPN-p reported a pain intensity on the 24 h average NRS of 0, except for two who had an NRS of 1 without analgesic treatment. Pain not associated with DSPN due to conditions such as low back pain or osteoarthritis was not considered in the pain assessment [21, 22] . There was a difference in age between the recent-onset group and the DSPN groups; therefore, two glucose-tolerant control groups of similar age and sex were formed from 50 individuals with normal glucose tolerance. The Control 1 group which included all 50 individuals was used for comparison with the recent-onset group. The Control 2 group included the 25 oldest individuals from the Control 1 group for comparison with the DSPN groups. Individuals with recent-onset type 2 diabetes and control participants were recruited from the German Diabetes Study (GDS), which is a prospective longitudinal cohort study investigating the impact of subphenotypes on the course of the disease (ClinicalTrials.gov Identifier: NCT01055093). The study design and cohort profile of the GDS have been published elsewhere [23] . Individuals with type 2 diabetes with DSPN were recruited from the Probing the Role of Sodium Channels in Painful Neuropathies (PROPANE) study, an observational study investigating the factors that contribute to the development of neuropathic pain (ClinicalTrials.gov Identifier: NCT02243475) [24] . Inclusion criteria for entry into the PROPANE study for the present cohort were age ≥18 years, type 1 or type 2 diabetes [20] , and a diagnosis of sensory, sensorimotor and/or small fibre DSPN as possible, probable or confirmed according to the Toronto Consensus criteria [21] . Exclusion criteria were other causes of neuropathy (hypothyroidism, renal failure, vitamin B 12 deficiency, monoclonal gammopathy, alcohol abuse [>5 U/day], malignancies, drugs known to cause neuropathy) and concomitant diseases that might interfere with the participant's ability to fill in questionnaires. No biopsies were taken from individuals on anticoagulant therapy or with peripheral artery disease, chronic infections of the lower extremities or presenting other contraindications. All assessments in individuals from the PROPANE study were performed specifically for the present study, while data from some individuals from the GDS related to neurological examination and peripheral nerve function had been published previously [10] .
Peripheral nerve function Electrophysiological testing, quantitative sensory testing and neuropathy score surveys were performed as previously described [10] . Motor nerve conduction velocity (NCV) was measured in the peroneal nerve, while sensory NCV and sensory nerve action potentials (SNAPs) were determined in the sural nerve at a skin temperature of 33-34°C using surface electrodes (Nicolet VikingQuest, Natus Medical, San Carlos, CA, USA). Vibration perception threshold (VPT) was measured at the medial malleolus using the method of limits (Vibrameter, Somedic, Stockholm, Sweden). Thermal detection thresholds (TDTs) to warm and cold stimuli were determined on the dorsum of the foot using the method of limits (TSA-II NeuroSensory Analyzer, Medoc, Ramat Yishai, Israel). Neurological examination was performed using the Neuropathy Disability Score (NDS) [25] . Neuropathic symptoms were assessed by the Neuropathy Symptom Score (NSS) [25] and the NRS for neuropathic pain average over 24 h and maximum scores.
Skin biopsy Skin punch biopsy specimens (3 mm) were taken under local anaesthesia (Meaverin-Actavis 1%, 1-1.8 ml, Actavis, Langenfeld, Germany) from the left distal lateral calf, about 10 cm proximal to the lateral malleolus. Details of sampling and processing of the biopsy have been published previously [26, 27] . In brief, after fixation with 2% periodatelysine-paraformaldehyde at 4°C for 24 h tissue was rinsed twice for 10 min with 0.1 mol/l Sorensen buffer. Following incubation in 33% sucrose for 3 h the specimens were incubated with 0.02 mol/l Sorensen buffer containing 20% glycerol at 4°C overnight, embedded and stored at −80°C.
Immunofluorescence staining The double immunofluorescence staining for PGP9.5 and GAP-43 was performed using three 50 μm sections for each individual using the freefloating method. After blocking with 5% BSA and 5% normal goat serum for 30 min, sections were incubated with the rabbit polyclonal anti-PGP9.5 (AB1761, 1:3000, Merck Millipore, Billerica, MA, USA) and the mouse anti-GAP-43 (MAB347, 1:1000, Merck Millipore) antibodies overnight. Thereafter, sections were incubated with Alexa488 conjugated goat antirabbit IgG (A-11034, 1:500, Thermo Fisher Scientific, Waltham, MA, USA) and Alexa555 conjugated goat antimouse IgG (A-21424, 1:500, Thermo Fisher Scientific) secondary antibodies for 1 h. Nuclei were stained with Hoechst 33,342 (1 mg/ml) for 5 min. Image stacks were acquired using a Nikon Ti-E inverted microscope (Nikon, Minato, Japan) equipped with a DS-Qi2 digital monochrome camera, corresponding filters and a x20/0.75 CFI P-Apo DM objective. Each antibody was validated separately prior to use in double immunofluorescence.
Image analysis After focus stacking and general brightness and contrast adjustment, images were analysed using the NISElements AR v4.50.00 (Nikon) or ImageJ 1.49 (National Institutes of Health, Bethesda, MD, USA) software. For each individual and marker, three sections were analysed. Intraepidermal nerve fibre density (IENFD) was determined as described previously [18] . To determine intraepidermal nerve fibre length (IENFL) and dermal nerve fibre length (DNFL), the epidermal and dermal areas of interest were defined. The epidermal area of interest was defined using nucleus staining. The dermal area of interest was limited by the epidermal-dermal junction and a line 200 μm below the dermal-epidermal junction using the 25% method [28] . Then, the lengths of the fibres within these areas were measured and the total fibre length (μm) was divided by the total corresponding area (mm 2 ). Thicker nerve fibre bundles were considered as fibres and measured likewise. IENFD, IENFL and DNFL for each individual were expressed as the means of three analysed sections. GAP-43/PGP9.5 ratios for each of these three measures were obtained by calculating the proportion of GAP-43 to PGP9.5 positive fibres. Representative images of a doubleimmunofluorescent stained section with indication of intraepidermal and dermal nerve fibres in an individual with normal glucose tolerance are shown in Fig. 1 . Microscopy and image analysis were performed with anonymised samples and the examiners were blinded to group allocation.
Statistical analysis Categorical data are expressed as percentages of participants. Continuous data are expressed as mean ± SD. Categorical variables were compared using the χ 2 test. For normally distributed data, parametric tests were used (Student's t test or Pearson correlation), otherwise nonparametric tests (Mann-Whitney U test or Spearman rank correlation) were applied. All group comparisons were adjusted for sex, age and BMI, except for the skin biopsy measures which were additionally adjusted for HbA 1c . To determine possible associations between two variables, multiple linear regression analyses with adjustments for sex, age and BMI were performed. Variables that were not normally distributed were log e -transformed before being entered into the regression models. The level of significance was set at α = 0.05. All analyses were performed with SPSS Statistics for Windows, Version 22.0 (IBM, Armonk, NY, USA). All graphs were generated using GraphPad Prism, Version 6.04 (GraphPad Software, La Jolla, CA, USA).
Results
The demographic, neurophysiological and clinical characteristics of the groups studied are shown in Table 1 . All three diabetes groups showed a higher BMI compared with the corresponding control participants. The DSPN-p group were older compared with the Control 2 group, while those with DSPN+p were younger than those with DSPN-p. Both DSPN groups had higher total cholesterol and HbA 1c levels compared with the Control 2 group (all p < 0.05). Among the individuals with recent-onset type 2 diabetes, 21.9% had DSPN-p, while none had DSPN+p. In the DSPN+p/DSPN-p groups, 47.1%/6.3% were using alpha-2-delta ligands (gabapentin or pregabalin), 8.8%/0% were using serotonin noradrenaline (norepinephrine) reuptake inhibitors (duloxetine or venlafaxine), 8.8%/3.1% were using opiates and 8.8%/0% were using other analgesics for neuropathic pain.
After adjustment for age, sex and BMI, peroneal motor, sural sensory NCV were reduced in both DSPN groups compared with the Control 2 group. Sural SNAPs were reduced in the recent-onset and DSPN groups compared with the corresponding control participants. The VPTs were reduced in the DSPN groups compared with the Control 2 group. Warm TDTs were reduced in the DSPN+p and cold TDTs were reduced in both DSPN compared with Control 2 groups. NSS and NDS were higher in the DSPN groups compared with the Control 2 group. As expected, NSS was higher in the DSPN+p than in the DSPN-p groups, and the average and maximum pain scores were higher in individuals with DSPN+p compared with DSPN-p and the Control 2 group (all p < 0.05). Table 2 shows the cutaneous nerve fibre density and length in the five groups studied. After adjustment for age, sex, BMI and HbA 1c , both DSPN groups showed reduced IENFD and IENFL compared with the Control 2 group for both markers (p < 0.05), while no differences were found between the DSPN+p and DSPN-p groups. IENFD and IENFL were also reduced in the recent-onset group compared with the Control 1 group (p < 0.05). Differences in DNFL were not found between the recent-onset and Control 1 groups or between the DSPN-p and the Control 2 groups or between the DSPN groups. No between-group differences in the GAP-43/PGP9.5 ratio for IENFD or IENFL were noted. The DNFL GAP-43/ The correlations of cutaneous nerve fibre density and length with measures of large and small fibre function are shown in Table 3 . After adjustment for sex, age and BMI, GAP-43 positive IENFD was positively associated with sural sensory NCVand sural SNAPs in both DSPN groups, and also positively associated with peroneal motor NCV and cold TDT and inversely associated with warm TDT in the DSPN+p group (p < 0.05). GAP-43 positive DNFL was positively associated with peroneal motor NCV in the DSPN+p group, and with sural sensory NCV and sural SNAPs in both DSPN (Table 3 ) or in the recentonset group (data not shown). 
Discussion
In this comprehensive study using PGP9.5 and GAP-43 double staining, we demonstrate differential patterns of cutaneous nerve fibre loss and regeneration in various groups of individuals with type 2 diabetes with and without painful DSPN. First, dermal nerve fibre regeneration assessed by the DNFL GAP-43/PGP9.5 ratio was enhanced in both types of DSPN, to a higher extent in individuals with DSPN+p compared with those with DSPN-p. Second, the degree of dermal nerve fibre regeneration was associated with more advanced intraepidermal nerve fibre loss and peripheral nerve dysfunction. Third, the IENFD-GAP-43/PGP9.5 ratio did not differ between the groups, questioning the usefulness of this ratio as a marker of nerve regeneration in type 2 diabetes. Thus, we suggest that, despite progressive epidermal nerve fibre loss, dermal nerve repair remains stimulated in DSPN, particularly in DSPN+p, but fails to adequately counteract epidermal neurodegenerative processes.
A major finding presented herein is the increased DNFL GAP-43/PGP9.5 ratio in DSPN, suggesting an increased attempt at regeneration by dermal nerve fibres, particularly in DSPN+p. Although apparently contradictory to the common assumption that regenerative capacity is reduced in individuals with diabetes [4, 19] , these results are in line with basic principles of neural plasticity in the peripheral nervous system. Physiologically, nerve remodelling and regrowth are part of an intact peripheral neural plasticity [14] , representing processes in which numerous extrinsic and intrinsic factors, such as GAP-43, are involved. These factors are fairly robust against degenerative events in cutaneous sensory nerve fibres [29] . Following nerve injury, GAP-43 is strongly upregulated in the axonal growth cone at the distal end of the proximal axonal stump [4] , to compensate for axonal loss. While GAP-43 may not exclusively label regenerating nerve fibres, its preponderance in the regenerating growth cones compared with degenerating distal axonal stumps or uninjured axons justifies its use as a post-injury regenerative marker [4] . Therefore, the increase in GAP-43 DNFL relative to PGP9.5 DNFL in individuals with DSPN and the inverse association with IENFD could mirror a compensatory upregulation against the neurodegenerative effects of diabetes which ultimately may be insufficient to increase IENFD in a diabetesinduced microenvironment inhospitable for axonal regrowth [30] . Interestingly, an enhanced DNFL GAP-43/PGP9.5 ratio was associated with more advanced intraepidermal nerve fibre loss and peripheral nerve dysfunction in individuals with type 2 diabetes, whereas no such association was found in control participants. Together, these skin biopsy measures correlated with large fibre function (NCV) for both types of DSPN, while they were only associated with small fibre function (TDT) in DSPN+p. These findings support the concept of a higher rate of maladaptive small fibre regeneration processes in DSPN+p [31] [32] [33] , which may result in enhanced pain perception due to peripheral sensitisation. Supporting this rationale, a recent study by Xie et al [34] reported that nerve regeneration in a spinal nerve injury model resulted in tangled GAP-43 positive neuromas and that blocking these regenerative processes reduced neuropathic pain.
To the best of our knowledge, this is the first study in which both IENFL and DNFL were quantified manually in adequately large groups of individuals with type 2 diabetes and control participants using double immunofluorescence for PGP9.5 and GAP-43. Direct comparisons of the various aspects of this study with previous reports are difficult because of differences in methodology and aetiology of neuropathy. For example, previous studies have not specified the proportion of individuals with DSPN [18, 28, 35, 36] , have used bright-field microscopy [8, 37, 38] or relied on automatic measurement of nerve fibre density [16] . Focusing on IENFD, Cheng et al [17] found no difference in IENFD for PGP9.5 positive fibres between DSPN+p and DSPN-p but, in contrast to our findings, they reported more GAP-43 positive fibres in DSPN+p and reduced intraepidermal GAP-43/ PGP9.5 ratios, particularly in DSPN-p, compared with individuals without DSPN. A previous study by Sorensen et al [39] showed reduced PGP9.5 positive IENFD in people with DSPN+p compared with a group of individuals without pain, but it is unclear how many individuals in the latter group had DSPN. Compatible with our data, Themistocleous et al [38] reported similarly reduced PGP9.5 positive IENFD in both DSPN entities using bright-field microscopy. However, 30% of the DSPN-p group were receiving analgesic pharmacotherapy [38] , casting doubt on the validity of the DSPN-p group.
In contrast to previous studies, we found no evidence of dermal nerve fibre loss in the three type 2 diabetes groups studied. In a small study, Krishnan et al [37] reported reduced dermal nerve fibre density in DSPN-p but not DSPN+p using only 5 μm thin sections. Lauria et al [28] found reduced DNFL in individuals with SFN, but they neither reported the proportions of participants with diabetic vs idiopathic SFN nor did they discriminate between painful and painless SFN.
The higher proportion of GAP-43 compared with PGP9.5 positive cutaneous nerve fibres found in the DSPN groups is challenging given the recognised role of PGP9.5 as a pan-neuronal marker. A possible explanation could be that GAP-43 is superior to PGP9.5 in detecting emerging nerve fibre endings because of different axonal transport mechanisms. PGP9.5 is an enzyme that relies on the slow axonal transport component B (2-8 mm/day), while GAP-43 uses fast vesicular axonal transport (50-400 mm/day) [12, 40] . Hence, GAP-43 could be more susceptible than PGP9.5 to recently grown nerve fibres. This could be an advantage in areas of high neural plasticity and needs to be evaluated in further studies.
Major strengths of this work are the manual assessment of both epidermal and dermal nerve fibres using double immunofluorescence microscopy including sophisticated morphometry and the extensive functional phenotyping performed in relatively large samples of individuals with type 2 diabetes and control participants. One limitation is the crosssectional nature of this study which does not give information on the temporal sequence of the findings presented. Another limitation is the restriction to largely descriptive morphological and functional assessment which may not provide direct insights into the pathological mechanisms. Moreover, topical capsaicin application and excision axotomy models have been introduced to study nerve regeneration [19, 30] , but these require sampling of multiple serial skin biopsies usually feasible only in a limited number of individuals.
In conclusion, the regenerative capacity of dermal nerve fibres assessed by the DNFL GAP-43/PGP9.5 ratio was enhanced in both types of DSPN, particularly in DSPN+p, but not in individuals with recent-onset type 2 diabetes. The extent of the dermal regenerative capacity was associated with more advanced intraepidermal nerve fibre loss and peripheral nerve dysfunction. We propose that the DNFL GAP-43/PGP9.5 ratio should be considered as a marker to assess the regenerative capacity of cutaneous nerve fibres. Whether this biomarker has the potential to predict the progression or regression of DSPN or the susceptibility to regenerative pharmacotherapy remains to be established in future prospective observational studies and clinical trials.
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